Site S-12 is one of several World War II era bombing targets found on the Pueblos of Laguna and Isleta in New Mexico. Magnetometry results from a low-altitude helicopter magnetometry survey at S-12 were inconclusive as to the extent and density of the ordnance debris field because underlying basalt flows created such a strong background signal. Subsequently, a team from Battelle and GDD Inc. carried out ground geophysical surveys to test the effectiveness of a geophysical instrument called Beep Mat. Beep Mat is mounted in a rugged sled and is designed to be towed over the ground or through snow. Originally developed for Canadian mineral prospecting, it has the ability to distinguish between conductive and non-conductive materials and between magnetic and non-magnetic materials. It is therefore a potentially useful instrument for UXO detection and discrimination. At Site S-12, a 100m x 50m grid was established in an area thought to be on the periphery of the bombing target. Geophysical data using EM-61, and Beep Mat were collected over the grid at one meter line spacing. Both the EM-61 and the Beep Mat data produced similar maps showing locations of scrap and UXO, but Beep Mat anomaly peaks were randomly offset about 2m from EM-61 anomaly peaks.
Introduction
Detection of ferrous metal in the presence of highly magnetic rock or soil is often problematic. Natural background variation in the magnetic responses of the geology obscures responses from metallic sources. Of particular difficulty is geology derived from basaltic lavas flows. The magnetic responses from basaltic rocks may be well in excess of the responses from ordnance, making target selection virtually impossible. In 2002, Oak Ridge National Laboratory conducted low-level airborne magnetometry surveys over nine different areas in the vicinity of Albuquerque, New Mexico. In eight of the nine areas, bombing targets were clearly delineated, the site shown in Figure 1 being typical. However, the bombing target at Site S-12 on the Pueblo of Laguna tribal reservation was underlain by a basalt flow, and this caused the magnetometry data, shown in Figure 2 , to be useless for UXO detection. The surface of the site is littered with ordnance-related debris (Figure 3 ), and appears very much like the eight other surveyed sites. The resistance of Site S-12 to magnetometry led us to use that site to evaluate the Beep Mat, a technology with a long and successful history in the Canadian minerals exploration industry, but one relatively new to the UXO community (Argonne National Lab tested the Beep Mat in a more benign environment than S-12; Argonne, 2005) . 
Beep Mat Description
The Beep Mat, manufactured by Instrumentation GDD of Quebec City, is a simple and efficient electromagnetic prospecting instrument originally designed to search for outcrops or boulders containing conductive or magnetic minerals. It consists of a sled-shaped probe and a BM8 reading unit, shown in Figure 4 . For the purpose of this test, the smaller of two Beep Mat probes (30 cm x 60 cm) was used at the S-12 site. The small probe was pulled on its longitudinal axis, as shown in Figure 4 .
The BM8 takes continuous readings, and sends out a distinctive audible signal when detecting a conductive or a magnetic object. The BM8 allows the use of a Mag sensor and the connection of a GPS.
The Garmin GPS with an accuracy of 2 meters was connected to the BM8. The Garmin is the usual system used for mineral exploration, but its accuracy is insufficient for UXO surveying. Therefore, a Novatel GPS with an accuracy of 10 cm was mounted on the backpack frame of the field operator ( Figure 4 ). The BM8 was not able to read directly the Novatel GPS protocol; therefore the Novatel GPS data were stored in a different file.
The BM8 allows storing up to 8 million readings. The data is transferred to a computer via an USB or an RS-232 port. Proprietary software allows visualization of the results directly from the data transferred. At the end of each day, the data was visualized to insure that the data collected met survey specifications.
Beep Mat measures three parameters (GDD, Inc., 2006): the High Frequency Response (HFR), the Low Frequency Response (LFR/MAG), and the Ratio (RT). These quantities are defined as follows:
• HFR measures the intensity of the response of the conductive material. It increases near a conductor. It is an indicator of the quantity and proximity of the conductor to the probe. The higher the material is conductive and the closer the material is to the probe, the higher is the reading.
• LFR/MAG measures the magnetic susceptibility of the material. Higher negative values correspond to more magnetite. The reading intensity also depends strongly of the distance between the magnetic material and the probe. The closer the material is, the higher the reading is. A negative number is used for the magnetic readings.
• RT measures the intrinsic conductivity of the material on a scale of 0% to 100%. Conductivity often indicates the nature of the conductor, 0% being a null conductivity and 100% being a very conductive material such as aluminium foil, metallic objects, etc. This value is independent of the quantity and proximity of the material from the probe. 
Survey Description
The S-12 survey site is located on a remote portion of the Pueblo of Laguna Tribal Reservation, about 60 km west of Albuquerque, New Mexico. The site was used as a target for bombardier training in World War II, and as can be seen in Figure 3 , there is plentiful surface evidence of ordnance. A 2002 helicopter magnetic survey of the site revealed the presence of such high magnetic background variation that the data collected were useless for UXO mapping (ORNL, 2004) . The main purposes of the current tests were to determine if the Beep Mat could detect UXO in a highly variable magnetic background, and assess how its performance compared to that of the EM-61, a commonly used system in ground UXO surveys. In addition, ground magnetometry data were also collected for comparative purposes.
The southeast corner of the 50m x 100m test grid was located about 50 m northwest of the supposed bomb target center. As may be seen in Figure 1 , the debris field is most dense near the target center and thins out radially. We would therefore expect buried debris to be most dense in the southeast part of the grid, becoming sparser to the north and west, and this pattern is supported in the EM-61 and Beep Mat data.
Survey lines were oriented along magnetic north, at a heading of 10°-190°. Survey lines were 1 m apart and every other line was marked with flags. The line spacing for the EM-61 and Beep Mat surveys was one meter, and two meters for the magnetometer. Each of the three instruments recorded data continuously.
The Beep Mat sensor frequency is stable at 0.5 ppm/°C; a temperature variation induces a drift on the readings. A drift reading was taken at the end of each line. The drift for the Beep Mat was null and it proved unnecessary to apply a drift correction.
At the end of the Beep Mat survey, a line test was done over some known metal pieces and a sensitivity test was performed with the Beep Mat to evaluate the distance of detection. All readings were stored every 0.1 sec and the GPS position was stored every 1 second in NMEA mode. A marker was stamped at stations 0N, 50N and 100N. A total of 35,000 readings were taken.
Beep Mat Data Processing and Analysis
Raw Beep Mat data were transferred directly from the BM8 to a computer for processing. The processed data file contains stamp marker numbers corresponding to their line and station, the nominal positions of all readings, and the corrected data used to plot the results (HFR, LFR/MAG, and RT). The X and Y coordinates used to plot the results (GPS position less datum value). HFR was split in two columns to allow plotting the positive values in red (conductive object) and the negative values in blue (magnetic object).
Since the BM8 was not able to read directly the Novatel GPS it had to be fitted to the data using time as a reference. The BM8 records GPS time once per minute which is too sparse for precise positioning. To increase the time resolution and therefore the resolution of the corresponding GPS positions we correlated the GPS time to the internal clock time, which was recorded every second. This was done by adding the average difference between the two times to the internal time and the smoothing the result. The test line confirms that this methodology gives accurate and consistent positions.
Discussion and Conclusions
Three different ground geophysical surveys were performed at S-12: a vertical magnetic gradient survey using a G-858, and EM-61 survey, and a small coil Beep Mat survey. A large coil Beep Mat survey was planned, but torrential rains made the site inaccessible. Figure 5 shows a Geosoft-created map view of the magnetic vertical gradient over the S-12 test grid as measured by a Geometrics G-858 magnetic gradiometer. Large magnetic anomalies are caused both by magnetic geology and by metallic debris. Overlain on Figure 5 are anomaly locations picked from the EM-61 and the Beep Mat data. Although several magnetic anomalies coincide with EM or Beep Mat picks, they are not decidedly different from magnetic anomalies from presumably nonmetallic sources. Clearly, electromagnetic methods are necessary to accurately characterize UXO in the basaltic S-12 area. Figure 6 shows EM-61 results at Site-12 test site with EM anomaly picks shown as circles and Beep Mat picks as plus signs. As expected, based on the target center location, the southeast corner of the test grid shows the highest concentration of anomalies. Figure 7 shows the Beep Mat results for the same area. Like the EM-61 results, there is a concentration of anomalies in the southeast corner of the map, with decreasing concentrations moving away from that corner. Figure 8 shows the picks for each of the methods without mapped data.
As Figures 6, 7, and 8 show, there is general agreement between the EM-61 results and the Beep Mat results. However, the anomalies do not agree precisely. Of 98 EM-61 anomalies over 1000 mV, 90 have at least one Beep Mat anomaly over 500 mV. The average distance between each of the EM anomalies and the closest Beep Mat anomaly is 1.9 meters. Part of this scatter can be attributed to the nature of the GPS tracking of the Beep Mat instrument. The antenna was located on a backpack, not the instrument itself. Although the positions have been corrected for the nominal offset of the antenna, the true offset was changing as the Beep Mat bounced around on the ground. This can probably account for about half of the 1.9 meters. Some of the rest might be attributable to the tilting of the Beep Mat sensor resulting in detection of anomalies off to one side or the other.
Unfortunately, heavy rainfall caused Site S-12 to be inaccessible, and we were not able to obtain ground truth of anomalies. Based on excavations of anomalies at other bomb targets in the area, we presume that most large EM-61 and Beep Mat anomalies are produced by unexploded practice bombs or large ordnance scrap (ORNL, 2004) . 
